Intrinsic temperature oscillations (with the amplitude up to 1 K) of a closed cycle cryocooler are stabilized by a simple thermal damping system. It employs three different materials with different thermal conductivity and capacity at various temperatures. The amplitude of oscillations of the sample temperature is reduced to less than 1 mK, in the temperature range from 4 K to 300 K, while the cooling power is virtually undiminished. The damping system is small, inexpensive, can be retrofitted to most existing closed cycle cryocoolers, and may improve measurements of any temperature-sensitive physics properties.
I. INTRODUCTION
Helium is widely used in cryogenic systems, allowing one to reach down to T = 4.2 K without active pumping. It is co-extracted during natural gas production, but it is extremely rare in the atmosphere (0.00052%).
Moreover, it is not renewable, being too light to be trapped in the atmosphere. 1 Together with ever-increasing demand, this lead to the helium shortage, and thus to a substantial price increase observed in recent years. An attractive alternative to liquid-helium based cryogenic systems are closed cycle Gifford-McMahon (GM) cryocoolers, which allow one to reliably reach temperatures of less than 3 Kelvin. However, their intrinsic temperature oscillations related to the GM cycle make them less than optimal in situations where the temperature stability is critical. In our cryocooler, the amplitude of these oscillations reached about 1 K in a certain temperature range. While these oscillations can be decreased by trimming down the cooling power of the cryocooler, this is not always the optimal solution.
Prior attempts to stabilize GM cryocoolers were based on added thermal resistance 2 , rare earth alloys 3 , pressurized helium vessel 4, 5, 6 or long conduction paths 7, 8 . Of these concepts, only the last one has matured to a commercial product. Montana Instruments, Inc. is offering a cryocooler specially designed along these lines, advertising stability better than ±10 mK with the possibility to reach about ±1 mK. However, this product is several times more expensive than a regular cryocooler. Judging from the patent 8 , the thermal damping structure is significantly more complicated than the one presented here, and appears very difficult to retrofit to any commercially available cryocooler. Hasegawa et al. 2 used two stages of fiber-reinforced plastic dampers to reach peak-to-peak fluctuations of ~2 mK, but at a cost of highly reduced cooling power, resulting in 6 hours of cooling time from 300 K to 4.2 K (compared to < 2.5 h with our approach). The need of a second radiation shield also adds complexity and reduces usable sample space. Allwein et al. 3 used an Erbium-Nickel alloy plate, reaching 14 mK fluctuations at 4.2 K. However, this rare-earth alloy is not commonly available and the fluctuations are still over an order of magnitude higher than in our approach. Several other groups 4, 5, 6 used a Also at École Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland. *These authors contributed equally.
variations on the idea of a closed helium pot attached to the cold head, wherein the liquefied helium adds thermal capacity to the system. This approach can yield a thermal stability down to ±10 mK, but at the cost of working with a complex, highly pressurized gas system (200 kPa to 9 MPa). This requires demanding safety measures, provides for only a limited time of operation (~ 30 min), and/or the stabilizing effect is limited to a narrow operational temperature range (less then 10 K).
Here we report a very simple and inexpensive device that can be easily retrofitted to essentially any existing GM cryocooler. It damps the amplitude of temperature oscillations to less than 1 mK, in the temperature range from 4 K to 300 K, without paying the price of a major increase in the base temperature or in the reduction of the cooling power (0.2 W at 4 K in the two cryocoolers tested in the present study).
II. MECHANICAL DESIGN
The main idea here was to use the jump in the heat capacity of a superconductor in the vicinity of its critical temperature, T c . In the apparatus used in this study, a two-stage GM cryocooler from ULVAC technologies Inc., the amplitude of thermal oscillations reached its maximum in the temperature range 5 K < T < 15 K, so we wanted a material with T c in this range. After experimenting with different materials, we choose lead (T c ≈ 8 K)
because of its high heat capacitance (about 20 times higher than Cu at 10K) and relatively high heat conductance at low temperature. 9 In addition, due to the high density of lead, a small volume can generate a high total heat capacity.
Our thermal damping system consists of a combination of thin sheets of different materials with contrasting properties: lead, stainless steel and copper. While it is conceivable that a different combination of materials would provide even better performance, this choice gave excellent results, more than satisfactory for our intended application (measurements of cryogenic transport and magnetic properties of high-T c superconducting materials). From these metal sheets, we build a thermal buffer block, which we place between the cold head and the sample stage. This buffer acts as a low-pass filter for the heat transfer between the sample and the cold head.
In detail, we used a 2 stage GM cryocooler from ULVAC technologies Inc., with a UR4K03 cold head combined with a C10 compressor, running on 60 Hz power. The vacuum enclosure was pumped down to less than 3·10 -6 Torr. For temperature control, a heater driven by a commercial temperature controller (LakeShore 340) is mounted on the sample stage. We built the thermal buffer out of a number of lead discs (10 discs, each 0.55 mm thick), of a diameter equal to the diameter of the cold head (50 mm in our instrument). The reason we choose 10 discs is because in our crycooler this amount of lead provided the optimum combination of (large enough) heat capacitance and (small enough) space occupied. These lead disks increased significantly the thermal mass at low temperature. Other materials with high thermal capacity at low temperature could be used instead of lead. To increase the thermal conductivity, we added a continuous ribbon of a highly conductive material (in our case, copper, 12 mm wide and 0.03 mm thick), folded in a zigzag manner in-between the lead discs. This copper ribbon allows us to adjust the thermal conductivity independently from the thermal capacity set by the lead plates. For the final stabilization, we insert partial discs of stainless steel as a thermal isolator in the stack. By forcing the heat flow to follow a zigzag path through the stack, from the sample stage to the cold head, along the copper ribbon but around the isolator sheets, we increase the effective distance between the cold head and the sample stage. This renders the heat flow constant, in spite of large temperature oscillations in the cold head. By increasing the number of insulating sheets, the stability can be increased even further, but at the cost of an increased base temperature. In our case, the optimal stack included 2 sheets of stainless steel as insulator (0.05 mm thick), 2 copper ribbons, and 10 lead discs. Figure 1 shows the schematics of our thermal damping unit, and Figure 2 the photograph of the actual stabilizing device installed on the cryocooler. The total dimensions of the cylindrical buffer stack are: height 5.9 mm, diameter 50 mm. This is significantly smaller than the available sample space (height 55 mm and diameter 50 mm). It gives us enough tuning parameters (the number and thickness of lead and steel plates, the length, the width and the thickness of the copper ribbon) that can be independently adjusted to tune the two relevant variables, the heat capacitance and the thermal conductance, in order to ultimately optimize the base temperature and thermal stability. To fine-tune the system further, we can compress the stack by using a torque-wrench to tighten the screws holding the sample stage to the cold head, thus varying the force applied to the stack.
III. EXPERIMENTAL RESULTS
After installation of our thermal buffer, we observed a dramatically improved thermal stability of the sample stage. The amplitude of oscillations in the sample temperature were reduced to less than 1 mK, over the entire thermal range, 4 K < T < 300 K, as seen in Figure 3 . Below 5 K, the oscillation amplitude reaches its maximum, 1 mK, probably due to the reduced heat capacitance of lead at this temperature. At the same temperature, the amplitude of temperature oscillations of the cold head is larger than 50 mK. At around 30 K, temperature oscillations of the cold head reach their maximum amplitude, of about 1 K. This peak is probably due to a combination of the reduced heat capacitance of copper and the cooling power of the compressor.
While we have achieved a major thermal damping effect, this only slightly reduces the cooling power. The ultimate temperature reached at the sample space is T = 3.4 K, with the thermal load of one sample together with its multiple wire connections. This is only 0.4 K higher than the temperature of the cold head itself. (With the thermal load of two samples and twice as many wires, the sample space can still reach 3.9 K) With the thermal buffer, the system can be cooled from room temperature down to the base temperature in less than 2.5 hours.
(Without the buffer, the cooling time is 1.3 hours) After this initial cool down, further thermal cycles controlled by the heater can be more rapid, since at this point the thermal shield attached to the first stage of the cryocooler is already at its operating temperature. controller is used to regulate the heater, extremely steady cooling rates (as low as 0.1 K/min) can be achieved, as is demonstrated in Figure 5 . To quantify the effectiveness of our damping device, we stabilized the temperature with the PID controller at different points. Before installation of the damper, the temperatures of the cold head and the sample stage were almost identical. Installing the damping device did not change the amplitude of the thermal oscillations of the cold head. Therefore, this cold head temperature can be used as a good estimate of the temperature of the sample stage before installing the thermal damper. Figure 6 then clearly shows the damping effect for a few typical points within our temperature range. At T ≈ 30 K, the amplitude of temperature oscillations is reduced by four orders of magnitude.
IV. CONCLUSION
With a very simple device, we were able to improve dramatically the thermal stability of a commercial closed cycle cryocooler, without paying the price of a significant reduction of the cooling power. This allows for a fast turnaround in experiments, as the time in which the base temperature can be reached is determined essentially by the original cooling power of the cryocooler, and only marginally affected by the damper. In light of the global shortage of helium, and the consequent price hike affecting cryogenic research worldwide, this is a timely invention as it notably expands the range of cryogenic experiments that can be performed using a closed cycle system. In our case, this helps us in our electrical transport and magnetic measurements. In particular, the highly improved control of the cooling rate significantly improves the quality of our measured data. We believe that similar cryocoolers with improved thermal stability could be valuable in many scientific experiments in which stable cryogenic temperatures, or cooling rates, are essential. For easier retrofitting to existing systems, this thermal damping unit could be encapsulated. This would limit somewhat its tunability, but would make the system more user friendly, as well as eliminating any exposure to lead. 
